The acoustic phonon radiation patterns and acoustic phonon spectra due to electron acoustic phonon interaction in double barrier quantum well have been investigated by solving both the kinetic equations for electrons and phonons. The acoustic phonon radiation patterns have strongly pronounced maximum in the directions close to the perpendicular to the quantum well direction. The radiation pattern anisotropy is explained in terms of possible electron transitions, nonequilibrium electron distribution function, and the Hamiltonian of electron-phonon interactions.
INTRODUCTION
Hot acoustic phonon emission represents one of the major channels for thermal energy removal from heterostructures; in addition, detection of phonons emitted by hot electrons provides a valuable tool for investigation of electron-phonon interactions in heterostructures [1, 2] . The problem of the spectrum and radiation pattern for acoustic phonons emitted from low dimensional structures has been studied for both quantum wells (QWs) [3, 4] and quantum wires [5] . We have investigated the acoustic phonon emission by hot electrons in double barrier heterostructures allowing for electron heating and stimulated phonon emission processes (in previous works [2, 3] the electrons were assumed to be at quasiequilibrium). We have solved the electron kinetic equation to obtain the electron distribution function, which has been used to determine the radiation pattern and spectrum of emitted acoustic phonons. The radiation and absorption 201 patterns have highly pronounced maxima inside the solid angle close to the normal to the quantum well direction (z-direction). These orientational dependencies are related to the quantum confinement of electrons, uncertainty in the conservation of the phonon zcomponent of the wave vector, a peculiar angular dependence of the density of final electron states, and the shape of the electron distribution function.
FORMULATION OF THE PROBLEM
We will consider a double barrier heterostructure quantum well of width a bounded by planes z a/2 and z -a/2. The Cartesian coordinates x and y refer to the plane of the quantum well, the axis x is going in the direction of the average electron velocity (i.e., opposite to the electric field). The axis y augments x and z to a right-handed basis. t(hto, f)= n-p I(n',n, qz) X kll ,n,n 8(En,ktt En,,kll+q[i -t-hO)q), (1) where E a is the acoustic deformation potential constant, 9 is the crystal density, en, t, and hcoq are the electron and phonon energies respectively, ! (n',n,qz) is the overlap integral for electron wave functions in subbands n and n' and the phonon plane wave. It is worth mentioning, that Eq. (1) takes into account both the phonon emission and phonon absorption processes. In addition, due to integration over the closed surface Sph_et which bounds the volume of acoustic phonon interaction with quasi two-dimensional elec- 
where Jph-ph is the integral of phonon-phonon interaction. Because Jph-ph is small over the distance d from the quantum well to a phonon detector (it can be shown by a simple estimate), the phonon propagation may be treated as ballistic and approximation of the geometrical optics can be employed. Therefore, the phonon energy detected by a sensor on a surface of the sample is the same as that determined by Eq. (l). The radiation patterns of quasi two-dimensional electron gas in electric fields 10, 100, and 1000 V/cm are shown in Figs. (a), (b) , and (c) respectively. To visualize the two-dimensional function qheo(f2)--o(0, ), we fix an angle and plot a parametric curve (IGho(0,)l sin 0, Gh(O,) cos 0), 0 < 0 < rt/2 0 0 corresponds to the z-direction, 0 rt/2 corresponds to a direction in the x-y plane, namely the direction given by the unit vector (cos , sin , 0). The plots above the abscissa correspond to prevailing phonon emission (positive Go(0,)), the plots below the abscissa correspond to prevailing phonon absorption (negative Go(0,)). The spectra of the acoustic phonons given by the function qf(hco) is shown on Fig. 2 for several electric fields.
RESULTS OF NUMERICAL SIMULATION AND DISCUSSION
For a given , electrons can scatter in two regions in the kll-space. It gives rise to two peaks of function o(0,@) for two different 0 (similar to forward and backward scattering in 1D case [5] ). These peaks are very sharp in terms of 0 variable. However, if the electron distribution function is close to equilibrium as in Fig. (a) , these peks are completely smeared due to averaging over electron distribution function.
In stronger fields electron distribution function has streaming-like character. For this reason the the radiation patterns become more anisotropic (see (2), 100 V/cm (3), 300 V/cm (4), and 1000 V/cm (5) In spite of the significant modification of the phonon radiation patterns when the electric field grows, the spectrum of irradiated phonons remains remarkably unchanging (see Fig. 2 ). The 
